The 3.3-Å cryo-EM structure of the 860-Å-diameter isometric mutant bacteriophage T4 capsid has been determined. WT T4 has a prolate capsid characterized by triangulation numbers (T numbers) T end = 13 for end caps and T mid = 20 for midsection. A mutation in the major capsid protein, gp23, produced T=13 icosahedral capsids. The capsid is stabilized by 660 copies of the outer capsid protein, Soc, which clamp adjacent gp23 hexamers. The occupancies of Soc molecules are proportional to the size of the angle between the planes of adjacent hexameric capsomers. The angle between adjacent hexameric capsomers is greatest around the fivefold vertices, where there is the largest deviation from a planar hexagonal array. Thus, the Soc molecules reinforce the structure where there is the greatest strain in the gp23 hexagonal lattice. Mutations that change the angles between adjacent capsomers affect the positions of the pentameric vertices, resulting in different triangulation numbers in bacteriophage T4. The analysis of the T4 mutant head assembly gives guidance to how other icosahedral viruses reproducibly assemble into capsids with a predetermined T number, although the influence of scaffolding proteins is also important.
T ailed bacteriophages are widely distributed in nature and probably are the most abundant organisms on the planet (1, 2) . Phage capsids are extremely stable and able to sustain high internal pressure exerted by their tightly packed genomes (3, 4) . Bacteriophage T4 belongs to the Myoviridae family of phages (5, 6) . Its 172-kbp DNA genome is packaged to near-crystalline density, resulting in an internal capsid pressure of ∼20 atm (7) (8) (9) . T4 serves as an excellent model to elucidate the mechanisms of virus assembly and DNA packaging (10) . T4 also provides a valuable biotechnology platform for diverse applications such as vaccine design and gene therapy (11) (12) (13) (14) .
The T4 capsid, or head, is a 1,200-Å-long and 860-Å-wide prolate icosahedron (15, 16) . The capsid has a unique "portal" vertex to which a ∼1,400-Å-long contractile tail is attached (17, 18) . The tail is terminated by a baseplate (19) (20) (21) to which are bound six long tail fibers (18) . During infection, the tail binds to an Escherichia coli cell and creates a conduit for injection of the phage DNA into the bacterial cytoplasm (22) . The internal pressure then drives the DNA out of the capsid, into the cell, through the tail (3) .
The T4 head, tail, and fibers assemble by separate pathways (5) . They then join together to form the infectious virion. The capsid assembly proceeds via formation of a precursor, called a prohead, which contains an inner scaffolding core and an outer shell (15) . The prohead formation is initiated by the dodecameric protein gene product (gp) 20, which makes the unique portal vertex of the prohead (23) . Gp20 nucleates the assembly of the inner scaffolding core made by the major core protein, gp22, the prohead protease gp21 (24) , and other proteins. The major capsid protein gp23 coassembles with the core to form the outer shell of the prohead. Pentamers of the vertex protein, gp24, form the other 11 vertices of the prohead (25) . The gp23 and gp24 proteins have approximately 22% sequence identity and likely have evolved from a primordial gene via gene duplication.
When the prohead assembly has been completed, the gp21 protease cleaves the inner core proteins (5, 15) . Most of the cleavage products escape from the prohead to create space for DNA. In addition, the protease cleaves off 65 N-terminal residues from the major capsid protein, gp23, and 10 N-terminal residues from the vertex protein, gp24, producing gp23* (48.7 kDa) and gp24*, respectively. The genomic DNA is then packaged into the empty prohead through the portal vertex by an ATP-driven packaging motor containing five subunits of the motor protein, gp17 (9) . The gp23*-gp24* shell of the prohead undergoes large conformational changes, resulting in the expansion of the capsid volume by ∼50%. In vivo, the expansion
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The WT bacteriophage T4 head is prolate with icosahedral T=13 ends closing the central cylindrical section. The structure of a T=13 icosahedral head assembly, in which the major capsid protein of T4 phage had a single mutation at a residue in the interface between neighboring subunits, has been determined to 3.3-Å resolution. The structure shows the extensive network of interactions between the major capsid proteins gp23 and the vertex proteins gp24 and the stabilizing Soc proteins. We show that the angle between hexameric and pentameric capsomers helps to determine the triangulation number (T number) and suggests how other viruses assemble consistently with a predetermined T number.
happens during DNA packaging. However, these processes can be decoupled (26) . The outer surface of the expanded capsid is decorated by the small outer capsid (Soc) protein and the highly immunogenic outer capsid (Hoc) protein (27) . Soc helps to stabilize the capsid against extremes of pH and temperature, whereas Hoc probably assists in finding and infecting the bacterial host (28, 29) . After the completion of genome packaging, the portal vertex is sealed by the assembly of gp13-gp14 complex (i.e., "neck"), which also creates the attachment site for the independently assembled phage tail (30) .
The structure of the mature T4 head was previously studied by using cryo-EM (16, 23, 31, 32) (Fig. 1 A and C) . The best resolution that had been achieved for the prolate head was approximately 10 Å (23). These earlier studies showed that the major capsid protein gp23* is organized into a hexagonal lattice characterized by triangulation numbers T cap = 13 laevo for the icosahedral caps and T mid = 20 for the elongated midsection (16) . The Hoc monomers bind at the centers of the gp23* hexameric capsomers, whereas Soc molecules bind at the interface between adjacent gp23* hexamers and clamp neighboring capsomers together (29) . The T4 head contains 155 hexamers of gp23*, 12 copies of gp20 (61 kDa) at the special portal vertex, 11 pentamers of gp24* (44 kDa) at the remaining fivefold vertices, 155 copies of Hoc (40.4 kDa), and 870 copies of Soc (9.1 kDa).
The structure of the T4 vertex protein gp24 was determined by using X-ray crystallography (25) . The structure of gp24 has a fold similar to the capsid protein of phage HK97 (33) . The HK97 fold is a building block for the capsids of tailed dsDNA phages (34) as well as for herpesviruses (35) . The crystal structures of Soc (29) and Hoc (28) from T4-like phages have also been determined, although the Hoc structure did not include the C-terminal domain, which binds to the capsid surface. In addition, an atomicresolution cryo-EM structure of the dodecameric T4 portal protein, gp20, has been determined (23) . However, the structure of the major capsid protein gp23 had not been determined before the present study because gp23 tends to aggregate when produced recombinantly, making it difficult to crystalize.
Mutations in the T4 prohead proteins can change the length of the capsid, producing mixtures of prolate WT capsids, icosahedral "isometric" or "petite" capsids, intermediate-length heads, and/or "giant" heads of various lengths (15, (36) (37) (38) . In this study, we used a mutant T4 phage that produces predominantly empty isometric heads. These isometric particles have icosahedral symmetry except for the unique portal vertex occupied by the dodecameric portal protein gp20. The gp23* protein in these isometric heads forms a hexagonal lattice characterized by the triangulation number T = 13 laevo. Here we describe the cryo-EM structure of the isometric T4 head at 3.3-Å resolution. The electron density map established the atomic-resolution structures of the gp23*, gp24*, and Soc molecules in the capsid environment. Analysis of interactions between these subunits shows how a highly stable virus capsid can be assembled and how it can Fig. 1 . Structure of the T4 prolate (A and C) and isometric (B and D) heads. Gp23*, gp24*, Hoc, and Soc are colored blue, magenta, yellow, and white, respectively. Note that Soc is absent around the gp24* pentamers. In C and D, the gp23* protein has been removed for clarity.
withstand internal pressure caused by the tightly packaged viral genome. The structure also suggests the factors that determine the T end and T mid values that describe the quasi-symmetry of virus capsids.
Results and Discussion Structure Determination. Of several T4 phage mutants, the 17amNG178.23pt21-34c mutant produced the largest fraction (approximately 80%) of isometric capsids ( Fig. 2A) . This T4 mutant contained two mutations. The first of these mutations was A275T in gp23 that resulted in the production of isometric capsids together with approximately 20% of prolate and intermediate-length heads. The second of these mutations was an amber mutation in the packaging motor protein gp17 that resulted in the production of DNA-free "empty" capsids when the phage was grown on a nonsuppressor E. coli strain. The isometric capsids produced by this double-mutant phage were assembled via the initial formation of isometric proheads, followed by proteolytic cleavage of the prohead's inner scaffolding core, of gp23, and of gp24. The cleaved proheads remained empty because they could not initiate DNA packaging as a result of the mutation in gene 17. The protein shells of the empty proheads expanded spontaneously (at 37°C), resulting in mature empty heads ( Fig. 2A ). These were purified by CsCl gradient centrifugation and ion-exchange chromatography (Materials and Methods).
Samples of the purified heads were frozen onto Lacey carbon EM grids and examined with a Titan Krios electron microscope (FEI). Three different data sets were collected. An initial cryo-EM dataset included 40,000 particles recorded on film and resulted in 3D reconstruction of approximately 5.2-Å resolution.
A second cryo-EM data set was collected with the FEI Falcon II direct detector (pixel size of 1.38 Å) and included approximately 25,000 particles that generated a map with a resolution of 3.9 Å. The third data set was acquired on a Titan Krios electron microscope equipped with a K2 Summit detector (Gatan), used in the "super-resolution" mode, resulting in a pixel size of 0.81 Å. A total of 19,510 isometric particles were boxed from 3,500 images. Nonreferenced 2D classification was performed with the Relion program (39) to select 17,954 particles. The jspr program (40) was used for generation of the initial model and refinement of the particle orientations, assuming icosahedral symmetry. The final 3D cryo-EM reconstruction had an overall resolution of 3.3 Å, based on the "gold-standard" Fourier shell correlation (FSC) using the FSC = 0.143 criterion (41) (Fig. 2B) . The map showed continuous density for the polypeptide chains and recognizable side-chain densities (Fig. 2C) .
The atomic models of the gp23*, gp24*, and Soc molecules were built by using the COOT program (42) and refined with Phenix software (43) (SI Appendix, Table S1 ). The density for the Hoc molecules was weak and of insufficient quality for building an atomic model.
Structure of the T4 Isometric Head. The T4 isometric capsid shell consists of 120 hexameric capsomers of gp23*, 11 pentameric capsomers of gp24*, and 1 dodecamer of gp20 ( Fig. 1 B and D) . During the icosahedral reconstruction, 11 pentameric vertices occupied by gp24* were averaged with the special portal vertex occupied by gp20. Thus, the quality of the reconstruction was slightly diminished, especially at the vertices. However, the cryo-EM density in the vertex regions of the map was easily interpretable in terms of the gp24* structure, and showed no significant influence from the portal protein at the special vertex.
The outer and inner surfaces of the capsid were found to be negatively charged. This implies that the dsDNA genome cannot bind easily to the inner surface of the virus, making it possible for the DNA to be ejected from the virus while infecting a host cell. In addition, the charged outer surface can prevent aggregation of the virus particles. The surfaces of the gp24* pentamers are more negatively charged than those of gp23* hexamers (Fig. 3 ). This might be to further decrease the chance of the genome getting stuck in the vertices while being ejected.
The decoration protein, Soc, forms a nearly continuous surface ridge that encircles each of the gp23* hexamers except at the interface between gp23* hexamers and gp24* pentamers (Fig.  1D) . Clearly, the gp23*-gp24* interface is structurally different from the gp23*-gp23* interface, and is inappropriate for binding Soc. In addition, each hexamer contains one Hoc molecule at its center. Thus, the stoichiometry of the isometric T4 head is 720 copies of gp23*, 660 copies of Soc, 120 copies of Hoc, 55 copies of gp24*, and 12 copies of gp20. Each icosahedral asymmetric unit consists of 12 gp23* molecules (2 hexamers), 1 gp24* molecule, 11 Soc molecules, and 2 Hoc molecules (Fig. 4) .
Gp24* Structure. The gp24* structure (25) has a polypeptide fold that is similar to the structure of the bacteriophage HK97 capsid protein (33) (Fig. 5) . Furthermore, gp24* assembles into pentameric capsomers, similar to the HK97 capsomers ( Fig. 6 A and D). The gp24* molecule has a peripheral domain (P domain), which forms the periphery of the capsomers, and an axial domain (A domain) located near the central fivefold axes of the capsomers (Figs. 5D and 6C). The HK97 capsid protein contains an extended loop (E loop), which is covalently crosslinked to a P domain of another capsid protein subunit, belonging to a neighboring capsomer. However, the T4 gp24* proteins, unlike the HK97 capsid proteins, contain an additional insertion domain (I domain), which is located on the outer capsid surface, forming the characteristic surface bumps (Fig. 6A) . The insertion domain is connected to the rest of the protein structure via long linkers (I-domain linkers), which topologically correspond to the E loop in HK97. In the gp24 crystal structure determined previously, these linkers were not resolved because of their flexibility (Fig. 5C ). However, the structure of these I-domain linkers is well-resolved in the present cryo-EM map. The insertion domain is bound to a neighboring gp24* subunit in the same pentameric capsomer, thus stabilizing the capsomer structure, a feature seen only in the T4 capsid thus far. The linkers interact with a neighboring gp24* molecule ( Fig. 6 C and E). In addition, one of the linkers interacts with the N-terminal region of a gp23* subunit from one capsomer and the P domain of a gp23* subunit from another capsomer (SI Appendix, Fig. S1 ). These noncovalent interactions stabilize the structure and occur near a similar location where the covalent intersubunit crosslinking occurs in HK97 (33) .
The cryo-EM structure of pentameric gp24* in the T4 isometric capsid, analyzed here, has large conformational changes compared with the crystal structure of the monomeric, uncleaved gp24 ( Fig. 5  C and D) . A total of 246 of 427 residues can be aligned with an rmsd of 3.3 Å between Cα atoms. The first 10 residues of gp24 are missing in the cryo-EM structure as a result of proteolytic cleavage during capsid assembly. In the crystal structure, these 10 amino-terminal residues form a helix. Residues 11-36 form an elongated N-arm in the cryo-EM structure, whereas they form a helix in the crystal structure. In the cryo-EM structure, the N-arm of gp24* interacts with two gp23* molecules, thereby stabilizing the capsid. In addition, a part of the N-arm (residues 26-30) is involved in a parallel β-structure interaction with an I-domain linker of an adjacent gp24* subunit (Fig. 6E ). In the mature capsid, the N terminus of gp24* (residue 11) is located on the outer surface of the capsid. However, in the prohead, the N terminus is required to be exposed to the maturation protease, which acts from within the prohead (24) .
In the cryo-EM structure of the pentameric gp24*, the insertion domain is rotated and repositioned relative to its position in the crystal structure of the monomeric gp24. In addition the "spine" helix (residues 194-221) in the P domain of the gp24 crystal structure is bent, but it is straight in the cryo-EM structure of gp24* (Fig. 5C ). This results in displacing the neighboring small helix (residues 181-190) and the P loop (residues 363-372) by approximately 7 Å.
The assembly of phage heads includes a maturation step, induced by a proteolytic event, resulting in an expansion of the head as it is filled with the DNA genome. The structure of gp24 before cleavage has greatest similarity to the HK97 prohead (44) (SI Appendix, Table S2 ), whereas the structure of the cleaved gp24* has the greatest similarity to the HK97 mature head (33, 45) (SI Appendix, Table S2 ). This suggests that the crystal structure of monomeric gp24 and the cryo-EM structure of gp24* correspond to the immature and mature states of the T4 head, respectively. Gp23* Structure. As anticipated, the structure of gp23* is similar to that of gp24* (rmsd of 2.6-3.0 Å; Fig. 5 E and F and SI Appendix, Table S3 ). Like gp24*, gp23* has an insertion domain in addition to the P and A domains of the HK97 fold (33) . The insertion domain of gp23* is also connected via long linker polypeptides, which are topologically equivalent to the E-loop of HK97 (Fig. 5E ). Gp23* does not include the 65 N-terminal residues of gp23 because these residues were proteolytically cleaved off during capsid assembly. Unlike HK97 and gp24*, the N-terminal region of gp23* contains a compact region, which we here refer to as the "N-fist" (residues 66-93; Fig. 5E ), followed by a long N-arm (residues 94-110), similar to HK97. The N terminus of gp23* is located on the outer surface of the gp23* shell. However, in the immature prohead the gp23 cleavage site is located inside the prohead, where it is accessible to the prohead protease. Hence, presumably, the N-terminal region of gp23 adopts a different conformation in the prohead than that observed for gp23* in the mature capsid. The icosahedral asymmetric unit of the cryo-EM structure contains two gp23* hexamers giving a total of 12 independent gp23* subunits (Fig. 4) . The rmsd between corresponding Cα atoms between pairs of subunits varies from 0.2 to 1.7 Å (SI Appendix, Fig.  S2 and Table S4 ). The gp23* subunit A (Fig. 4) facing the gp24* pentamer has the greatest difference to all other subunits. The subunits within the hexamer closest to the pentamer (subunits A-F) have greater structural variability than the subunits within the other hexamer of the asymmetric unit (subunits G-L). Furthermore, the hexamer closest to the pentamer has greater similarity between the subunits related by twofold symmetry than those related by sixfold symmetry (Fig. 4 and SI Appendix, Table S4 ).
The differences among the gp23* subunits are in the N-terminal region (residues 66-110), the region that includes the insertion domain and the I-domain linkers (residues 129-252), and in the small helix within the P domain (residues 272-282; SI Appendix, Fig. S2 ). As these regions are involved in the intersubunit interactions (Fig. 6D ), these differences are probably necessary for the subunits to adapt to slightly different environments in the capsid.
Each gp23* subunit interacts with four other subunits within its own hexamer and five subunits in neighboring capsomers. (Fig. 6D and SI Appendix, Fig. S3 ). Like in the case of gp24*, the insertion domain and the I-domain linkers make extensive contacts with a neighboring subunit from the same capsomer, thus stabilizing the capsomer structure. The I-domain linkers also interact with the N-fists of the gp23* subunits from other capsomers. In addition, one of the I-domain linkers interacts with the P-loop of another subunit located in a neighboring capsomer. Similar structural motifs (P-loop and E-loop) in HK97 are involved in the chainmail covalent cross-linking of subunits (33) .
The N-arm of gp23* interacts with an I-domain linker of a neighboring subunit belonging to the same capsomer. A part of the N-arm (residues 98-100) is involved in a parallel β-structure interaction with an I-domain linker of an adjacent gp23* subunit (Fig.  6F) . The N-fist of each gp23* interacts with four different subunits, two from the same capsomer and two from another capsomer (SI Appendix, Fig. S3 ). In addition, the intercapsomer interactions are stabilized by attractive electrostatic forces between the P domains of gp23* subunits located in neighboring capsomers. The negatively charged small helix from one P domain (residues 272-282) interacts with a positively charged β-sheet region of another P domain. In particular, Glu 273 from the small P-domain helix interacts with Lys 474 and Arg 476 from another gp23* subunit. Electrostatic interactions between similar regions were also observed in the mature and immature heads of HK97 (33, 46) . Collectively, a large network of intra-and intercapsomer interactions described here produce a highly stable capsid structure.
Soc Structure. The 9-kDa Soc protein attaches to the outer surface of the T4 head during the final stage of maturation (27) . The cryo-EM structure shows that each Soc molecule interacts with three gp23* subunits, which belong to two different hexameric capsomers (Fig. 4B and SI Appendix, Fig. S4) . A Soc binding site is made by the N-fist of one gp23* subunit, an I-domain linker from a second subunit belonging to the same capsomer, and an I-domain linker from another subunit belonging to a different capsomer. Furthermore, the intercapsomer interactions are stabilized by trimeric interactions of Soc molecules at the quasi-threefold axes that relate three adjacent gp23* capsomers. Reinforcement by 200 such Soc triple clamps and 60 Soc monomers near the pentameric vertices that form an external, nearly continuous, cage (Fig. 1D) allows the T4 phage to survive under extreme conditions such as pH 11.
In the isometric capsid studied here, Soc binding sites were not fully occupied, and the occupancies of different sites (as determined in the structure refinement procedure) varied from approximately 0.6 to 0.4 (SI Appendix, Table S5 ). The difference in the Soc binding was the result of small conformational changes in the gp23* I-domain linkers, which create part of the Soc binding sites. The Soc occupancy correlated with the angles (Fig. 4A) between the normals of the planes of adjacent hexameric capsomers (Fig. 7 and SI Appendix, Table S5 ). The smaller the angle (i.e., the more nearly the neighboring hexamers are coplanar), the lower is the occupancy of the corresponding Soc molecules. Thus, Soc provides the greatest reinforcement near the vertices, where there is probably the greatest strain in the gp23* hexagonal lattice. Earlier work had also shown that the stability of Soc binding to the gp23* lattice varied with local curvature (15, 47) .
Hoc Density. The crystal structure of a Hoc molecule had been determined previously (28) , although the structure was missing the capsid binding C-terminal domain 4 (48). The first three Ig-like domains form an elongated but not entirely straight structure. As there are six possible orientations about the hexamer axis with which a Hoc monomer can bind to the center of a gp23* hexamer, the cryo-EM map represents an averaged structure of the Hoc molecule. Moreover, the elongated Hoc molecule is likely to be flexible. As a result, the Hoc density is difficult to interpret.
The asymmetric unit of the isometric head contains two Hoc densities, located at the centers of the two independent gp23* hexamers (Fig. 4) . The Hoc density at the center of the hexamer close to the icosahedral threefold axis was less interpretable compared with the Hoc density in the hexamer located close to the fivefold axis. Because the gp23* hexamer located near the fivefold vertices was less sixfold-symmetric compared with the other hexamer, there are probably preferred orientations for Hoc binding to this hexamer, which in turn results in the partially interpretable Hoc density. The interpretable Hoc features were an α-helix and two short β-strands, consistent with the secondary structure prediction for the C-terminal domain of Hoc (28).
Mutations That Determine Length of the Capsid. A variety of mutations in gp23 can alter the WT prolate structure of the head to isometric and giant heads (15, (36) (37) (38) . The T4 isometric head used in the present study had an A275T mutation in gp23, near the quasi-threefold axis. This mutation is located in the negatively charged small helix of the gp23* P domain, which is involved in electrostatic interactions with the P domain from another capsomer (SI Appendix, Fig. S5 ). Although the side chain of this residue does not interact directly with the neighboring capsomer, the mutation probably modifies the position of the interacting helix, which in turn affects the intercapsomer interaction and angle. Another group of mutations, similar to A275T, that change the length of the head, are A268V, D285V, D287V, and D287N (SI Appendix, Figs. S5 and S6). All these are located in a relatively small region of gp23*, close to the short P-domain helix, and therefore may affect intercapsomer interactions.
Mutations A66D, A94V, and G97S also change the prolate capsid length. All these are located in the N-terminal region of gp23. Residue 66 is the N-terminal residue of gp23*, whereas residues 94 and 97 are located in the N-arm of gp23* (SI Appendix, Fig. S6 ). In the prohead, the N-terminal region of gp23 is located inside the capsid and probably interacts with the inner scaffolding core. Therefore, the gp23-core interactions play a role in the head length determination.
The third cluster of mutations that change the capsid length are T457A, R460C, and G461S. These sites are also located near the quasi-threefold axes, relating adjacent capsomers (SI Appendix, Figs.  S4 and S5) . In this quasi-threefold region, P-loops belonging to the surrounding quasi-threefold-related capsomers interact with each other. In the T4 prohead, these mutations may affect the P-loop conformations and consequently intercapsomer interactions.
In summary, most of the gp23 mutations that change the capsid length are located in the P domain of gp23 and likely affect intercapsomer binding in the prohead. However, some mutation sites are located in the N-terminal region of gp23 and likely affect gp23 binding to the scaffolding core.
Gp24-Bypass Mutations. "Gp24-bypass mutations" are mutations in gene 23 that allow gp23 to substitute for gp24 at the pentameric vertices when gp24 is absent (15, 49) . Such mutations are N381S, A387T, and K420R in gp23* (49) . All these sites are located in the A domain of gp23* that forms the core of the capsomer (SI Appendix, Fig. S6 ). Residues 381 and 387 are located within a short α-helix, whereas residue 420 is located in a loop region. Superposition of the gp23* structure onto the structure of the pentameric gp24* vertex suggests that these residues are located in the intersubunit interface. Therefore, these mutations affect interactions between subunits within the pentameric vertices.
Placement of the Fivefold Vertices. Caspar and Klug (50) had predicted that, for each of the covalently identical subunits that compose the surface of a virus to have identical environments, it would require that the subunits are organized into an hexagonal array. An icosahedron is formed by substituting a pentagon of subunits for a hexagon of subunits at regular positions. This would then allow each subunit to have at least a quasi-equivalent environment. The total size of the assembly is determined by where the pentamers replace hexamers. This prediction has been found to be true in a large variety of viruses with T numbers varying from 1 for the smallest viruses such a parvoviruses (51) and the ΦX174 bacteriophage (52) (56)]. Here we have determined the structure of a virus with a T=13 lattice, which makes it possible to examine how the assembly process has introduced pentamers at specific positions in the hexagonal lattice.
If the subunits that make a hexamer have identical contacts with their neighbors, they must be related by an exact sixfold axis. In turn, this implies that the centers of mass of each subunit within a hexamer must be coplanar. Similarly, the subunits that compose a pentamer must be coplanar. The T4 head structure was determined assuming icosahedral symmetry. Thus, the subunits in the pentamer have to be coplanar as they coincide with the icosahedral fivefold axes. The deviation of the centers of mass from their mean plane through the two independent hexamers per icosahedral asymmetric unit of the T4 isometric head are given in SI Appendix, Table S6 . No distance was greater than 0.8 Å. Furthermore, superposition of one hexamer onto the other showed an rmsd of 1.5 Å between equivalent Cα atoms, with only 1% of Cα atoms deviating by more than 4 Å, which is probably not significant considering the 3.3-Å resolution of the cryo-EM map. If the hexamers and pentamers are planar, the angle between hexamers or between pentamers and hexamers will be determined by the T number. For instance, the angle between adjacent fivefold axes in an icosahedron is 63.44°. Thus, for a virus with T=1 symmetry, the angle between the normals of two adjacent pentamers has to be 63.44°. Hence, the amino acids along the periphery of a pentamer of a T=1 virus must bind two pentamers together so as to produce an angle of 63.44°between the pentamers. Larger T numbers require the introduction of hexamers into the array forming the capsid. Thus, the curvature between pentamers will be spread over the angular difference between adjacent pentamers and hexamers and between adjacent hexamers. For instance, in the present case of a T=13 capsid (Fig. 4A) , the angular difference between the "blue pentamer" and the "green pentamer" is given roughly by the sum of the angles between the blue pentamer and the blue ABCDEF hexamer (29°), the blue ABCDEF hexamer and blue GHIJKL hexamers (6°), the blue GHIJKL hexamer and the green ABCDEF hexamer (18°; a sum of 53°so far), and also possibly between the green ABCDEF hexamer and the green pentamer (29°), which would give a total of 82°. This is not exactly the 63.44°required for icosahedral symmetry because the individual rotations are not exactly about a common axis of rotation and because the individual hexamers and pentamers do not necessarily have exact five-or sixfold symmetry.
On strictly geometric grounds, the angles between the normal to a pentamer and each of the normals to the surrounding hexamers have to be 37.62°to create a pentagonal hole in a hexagonal array. Furthermore, also on strictly geometric grounds, the angle between the normals of the adjacent hexamers surrounding a pentamer has to be 41.81°. These angles are fixed for any icosahedral assembly of pentamers and hexamers. The observed angles were 29°and 33°, respectively (Fig. 4A) , for the isometric T4 assembly. The deviation of these angles from the theoretical values of 37.62°and 41.81°, respectively, must be the result of a lack of exact planarity and a lack of exact rotational symmetry.
Any mutation that alters the T number must have the property to change the angles between capsomers and therefore must occur at the periphery of the gp23* hexamers (SI Appendix, Fig.  S6 ). Furthermore, mutations that change the T number would be more easily accommodated if the mutated amino acid were hydrophobic and therefore independent of the exact hydrophobic environment. In contrast, mutations of polar residues would require more accurate positioning with respect to the surrounding polar environment. Thus, for an amino acid to achieve a variety of similar but different contacts, as would be the case if the mutation changed the T number, the mutated amino acid would more likely have to be hydrophobic rather than polar. Hence, mutations that increase the variety of polymorphic particles might tend to increase the hydrophobicity of an amino acid at the interface between capsomers. This is roughly consistent with the observed variety of T4 head length-varying mutations described here.
Conclusions
We report the 3.3-Å resolution structure of the ∼50-MDa isometric bacteriophage T4 capsid that has a diameter of approximately 860 Å. This is one of the largest structures determined to date to nearatomic resolution. The major capsid protein, gp23*, has a polypeptide fold similar to the phage HK97 capsid protein. However, unlike the HK97 capsid that is stabilized by covalent crosslinking of subunits (33) , the T4 capsid shows intricate noncovalent interactions among the subunits that, together, generate a very stable virus capsid. The T4 major capsid protein subunits are "glued" together by the I domains that make a network of interactions with the A and P domains of other gp23* subunits in the same hexameric capsomer. The I-domain is flanked by long linkers, which are topologically equivalent to the elongated "E" loop of the HK97 fold. The I-domain linkers are involved in extensive intra-and intercapsomer interactions that stabilize the capsid. The intercapsomer interactions are reinforced by electrostatic forces between the P domains of gp23* subunits from adjacent capsomers. Furthermore, the N-terminal regions of gp23* interact extensively with four neighboring subunits belonging to two different capsomers. These stabilizing interactions allow the capsid to withstand the internal pressure from the tightly packed DNA.
The capsid is further stabilized by Soc molecules, which form an external cage of 200 trimers, each clamping three adjacent capsomers. The Soc protein has the highest affinity for their binding sites located near pentameric vertices where there is the greatest strain on the capsids' integrity, in part because of the bigger angle between the planes of adjacent capsomers.
Mutations that change the capsid length are mostly located in the capsomer's periphery and therefore affect the angle between the planes of adjacent capsomers. In turn, this affects the positions where pentameric holes are created within the hexagonal array of hexamers, resulting in different triangulation numbers. Many of the mutations result in greater hydrophobicity of the binding interface, thereby probably imparting flexibility to support various environments at the intercapsomer interfaces as required by different T numbers.
The architecture of T4 capsid illustrates how an extremely stable virus capsid can be constructed, yet with considerable plasticity to alter the size of the capsid. Thus, relatively little change in the subunit structure can assemble stable structures of different size. The same principles will be relevant when considering the assembly of very small viruses such as ΦX174 (52) and very large viruses such as adenovirus (57) (58) (59) , PBCV1 (55) , and even Mimivirus (56) .
Materials and Methods
Preparation of the Isometric Mutant Phage. Stocks of 17amNG178.23pt21-34c mutant phage were prepared on the amber suppressor E. coli strain B40. Construction of this mutant was described previously (31) . Isometric phage can accommodate only >65% of phage T4 genome, hence it cannot productively infect E. coli and produce a plaque. Therefore, there is strong selection pressure to accumulate WT revertants. To minimize this, the 17amNG178.23pt21-34c phage stocks were prepared starting from a minute plaque produced on the amber suppressor E. coli strain B40. Large stock was then amplified by subculturing the minute plaque no more than twice to minimize the accumulation of revertants. Consequently, the plaque-forming titer of the phage stock is quite low, 1-3 × 10 10 pfu/mL, but the number of virus particles as determined by SDS/ PAGE is approximately 10 times higher. Heads produced from such stocks contained ∼80% isometric empty capsid particles.
Purification of Isometric Capsids. E. coli P301 (suppressor-minus) cells were grown at 37°C on 1:1 mixture of Luria broth and M9 minimal medium supplemented with amino acids, infected with 17amNG178.23pt21-34c phage at a multiplicity of infection (MOI) of 2.5, and superinfected at the same MOI 7 min later. Infection was allowed to continue for another 20 min. The cells were pelleted by centrifugation at 7,000 rpm (4,300 × g) for 12 min. The pellet was then resuspended in a buffer containing 50 mM Tris·HCl, pH 7.5, 5 mM MgCl 2 , 200 mM NaCl, and 150 mM imidazole. These conditions produced ∼90% expanded empty proheads, of which ∼80% were isometric. However, most of these heads were tailed by nonspecific binding of neck and tail proteins. High concentration of salt and imidazole in the buffer dissociated the tails and generated tailless empty proheads.
The crude extract of tailless isometric capsids prepared as described earlier was treated with DNaseI (20 μg/mL) to digest the phage DNA. Several drops of chloroform were added to lyse the cells, and the sample was incubated at 37°C for 30 min. The lysate was then centrifuged at 7,000 rpm (4,300 × g) for 10 min, and the pellet containing cell debris was discarded. The supernatant containing the heads was centrifuged at 17,000 rpm (34,500 × g) for 45 min.
The pellet was resuspended in a buffer containing 50 mM Tris·HCl, pH 7.5, and 5 mM MgCl 2 , and layered on a 5-mL cesium chloride gradient. The gradients were centrifuged at 40,000 rpm for 1 h in a SWTi55 rotor. The proheads banded near approximately half the length of the gradient tube. The top portion of the band, which predominantly contained isometric proheads, was collected and dialyzed overnight against 10 mM Tris·HCl, pH 7.5, 50 mM NaCl, and 5 mM MgCl 2 . The proheads were then purified by chromatography by using two ion-exchange columns, first on a DEAE-Sephacel column and second on a Mon-Q FPLC column. In each case, a linear 50-300-mM NaCl gradient was used to separate the expanded (i.e., mature) isometric capsids from any unexpanded capsids and contaminating DNA. The peak fractions containing the expanded particles were concentrated by Amicon membrane filter (30K cutoff) to approximately 10 10 particles per microliter and stored at −80°C.
Preparation of Isometric Heads for Cryo-EM. Purified T4 isometric head sample was frozen by using a Gatan CP3 cryo-plunger. A 2.5-μL sample was applied onto the glow-discharged Lacey carbon grid with 3-nm-thick supporting carbon film, with a blotting time of 7 s with humidity maintained at greater than 85%. The grids were stored in liquid nitrogen for future use.
Cryo-EM Imaging, Data Processing, and Resolution Assessment. An initial cryo-EM dataset was collected by using films installed on a Titan Krios microscope (FEI) at Purdue University. Approximately 40,000 particles were boxed for reconstruction from 1,512 films with pixel size of 1.1 Å per pixel. A reconstruction was calculated by using the program EMAN (60, 61) , obtaining a resolution of 5.2 Å. The backbone structures of gp23* and gp24* were built with the guide of the previous gp24 crystal structure and gp23 predicted model. A second cryo-EM data set was collected with a Falcon II direct detector installed on a Titan Krios microscope (FEI) at Sanford-Burnham-Prebys Medical Discovery Institute. Approximately 4,000 images were collected with a pixel size of 1.38 Å per pixel. Approximately 25,000 particles were boxed. Each image was composed of seven frames, with a total dose rate of approximately five electrons per square Ångström. The resulting reconstruction was calculated by using jspr (40) and had a resolution of 3.9 Å.
The final cryo-EM data set was collected by using the Purdue University Titan Krios microscope equipped with a Gatan K2 Summit detector. Approximately 3,500 images were collected by using a magnification of 180,000×, with pixel size of 0.81 Å at superresolution mode. Each image was composed of 45 frames. Each frame had an exposure time of 0.2 s and a dose rate of approximately three electrons per Ångström.
Motion correction was applied to each image (62) . Averaged images were produced from all frames in the stack. The contrast transfer function correction was applied to each motion-corrected image. These images were used for boxing the particles. A total of 19,510 particles were boxed. A reference-free, 2D classification program implanted in the RELION software (39) was used to classify the boxed particles by a reciprocal space maximum-likelihood method. The 2D classification selected 17,954 particles for further data processing. The program jspr (40) was used for producing an initial model and further 3D refinement. The jspr program was also used to correct the anisotropic magnification of images produced by the microscope (63) . To refine the 3D density map, the same particles were reboxed from the averaged images by using only frames 3-22 while excluding the initial 2 frames with large movements and the last 23 frames with greater radiation damage. The program jspr (40) was used for the refinement. The dataset of reboxed particles was split into two halves before the start of the refinement. The low-resolution model was then refined in each half dataset independently. The refinement stopped when there was no further improvement of the FSC. The FSC was calculated from the two independent reconstructions. The resolution of the reconstruction was determined by the point at which the FSC was 0.143. Both datasets were combined for calculation of the final map. A temperature factor of −100 Å 2 and a low-pass filter to 3.3 Å was applied for calculation of the final 3D map.
Atomic Model Building and Refinement. The map showed continuous density for the main chain and distinct side-chain densities for bulky amino acid residues. Based on this map, the atomic models of the gp23*, gp24*, and Soc proteins within one asymmetric unit were built by using the COOT graphical program (42) . The structure was refined in real space against the experimental electron density by using the phenix.real_space_refine program (64) from Phenix software (43) (SI Appendix, Table S1 ). The occupancies of the 11 Soc molecules located in the asymmetric unit were refined in reciprocal space by using the phenix.refine program (43) .
Figures were prepared by using the programs Chimera (65) and Pymol (www.pymol.org).
